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Introduction
Migraine with typical aura, a common disorder affecting 8% of the general population (Russell et al., 1995) , is characterized by episodes of transient cortical cerebral dysfunction usually followed by headache [Headache Classification Committee of the International Headache Society (IHS), 2013]. Visual aura symptoms are by far the most common (99% of cases) followed by somatosensory symptoms (31%) (Russell and Olesen, 1996) . If somatosensory symptoms occur, they most commonly present after the visual symptoms (Russell and Olesen, 1996) . The mechanism behind migraine aura is most likely the electrophysiological phenomenon of cortical spreading depression, an intense neuronal and glial depolarization wave that slowly propagates in grey matter (3 mm/min) (Charles and Baca, 2013) . However, it is not known why such cortical disturbances episodically occur in migraine patients. The long-term consequences of repeated migraine auras to the structure and function of the brain are also unknown, although the condition is generally self-limiting and not associated with cognitive decline (Gaist et al., 2005) .
Recent MRI studies reported increased cortical thickness of visual and somatosensory areas in migraine patients compared to healthy controls (Granziera et al., 2006; DaSilva et al., 2007) and suggested that these changes indicate either an increased neuronal density that would render the tissue more susceptible to cortical spreading depression or altered structure, such as reactive gliosis, as a consequence of multiple cortical spreading depression episodes (Hadjikhani, 2008) . Subsequent studies of cortical thickness in migraine patients have yielded conflicting results (Datta et al., 2011; Messina et al., 2013; Hougaard et al., 2016) . So far, studies on this topic have included a relatively small number of subjects and compared selected patients to healthy volunteers without taking possible confounding lifestyle and health factors into account.
To investigate the hypothesis generated by these studies, we conducted a cross-sectional population-based study, which was nested within the population-based Danish Twin Registry and specifically included migraine patients with aura. We used established diagnostic headache criteria, state of the art high-field 3 T MRI, and validated methods for advanced image analyses. We hypothesized that (i) migraine patients with visual aura have increased cortical thickness of the visual cortical areas; and that (ii) migraine patients with visual and somatosensory auras have increased cortical thickness of both visual and somatosensory areas. In patients with both types of symptoms, somatosensory aura is nearly always experienced immediately after visual aura, reflecting the spreading of cortical spreading depression from visual to somatosensory cortex. Therefore, a confirmation of the latter hypothesis would suggest altered structure as a consequence of aura.
Materials and methods
We based our analyses on data from the Women with Migraine with Aura Neuroimaging (WOMAN) study, which has previously been presented in detail (Gaist et al., 2016) . In brief, we used the Danish Twin Registry (Skytthe et al., 2006) , to recruit female twins born 1931 to 1982 who, based on earlier responses to a previously used questionnaire (Gaist et al., 2005) , were classified as screen positive for migraine with aura, co-twins to females screen positive to migraine with aura, or screen negative for migraine of any type. Subjects from these three groups were sent baseline questionnaires on health and lifestyle issues in waves in February 2011 to April 2014. Eligible questionnaire responders were telephone interviewed by physicians, who classified each participant's headaches according to the International Classification of Headache Disorders, 3rd edition beta version (ICHD-3beta) [Headache Classification Committee of the International Headache Society (IHS), 2013]. Twins with definite migraine with aura and their co-twins were invited to participate. Controls were selected among twin pairs where both twins reported no history of migraine (one twin randomly selected from each pair). Control twins were only included if their non-migraine status was confirmed at interview, and if they had less than 30 days of tension-type headache in the preceding year. Detailed eligibility criteria have been presented previously (Gaist et al., 2016) . Eligible subjects were invited to participate in the MRI part of the study at a single centre in Copenhagen, Denmark. On average, patients were scanned 6 months and controls 4 months after completing the physician-conducted headache interview (Gaist et al., 2016) . Information was collected regarding headache presence (yes/no) and type of headache (e.g. migraine) in the time period 48 h before to 48 h after the MRI. Subjects received no financial reward for participating. The participation rate was acceptable (e.g. 76% response rate to baseline questionnaire; among those eligible for MRI, 78% of patients, and 68% of controls participated) (Gaist et al., 2016) . Importantly, analyses comparing participants and non-participants with regard to a number of characteristics indicated no major selection biases (Gaist et al., 2016) . The study design is outlined in Fig. 1 .
MRI
All participants underwent whole-brain MRI using the same 3.0 T magnetic resonance scanner (Siemens Magnetom Verio) equipped with a 32-channel receive head coil. Structural imaging was based on a T 1 -multi-echo 3D FLASH sequence as part of a whole-brain quantitative MRI protocol (Helms and Dechent, 2009 ) with the following parameters: repetition time = 18.7 ms, echo time = 2. 20, 4.70, 7.20, 9.70, 12.20 and 14.70 ms, flip angle 20 , field of view = 256 mm, 176 sagittal slices. In-plane acquisition was accelerated by 2-fold using generalized autocalibrating partially parallel acquisitions (Griswold et al., 2002) with 18 reference lines. Prior to further processing, images with a contrast comparable to standard T 1 -weighted images were created by averaging across the echoes acquired in the sequence. All images were assessed by a consultant radiologist with experience in neuroradiology, blinded to headache diagnoses and clinical data.
Assessment of cortical thickness
Cortical reconstruction was performed with the FreeSurfer image analysis suite ver. 6.0.0 (http://surfer.nmr.mgh.harvard. edu/) Fischl and Dale, 2000) . Using this approach, the grey and white matter surfaces were defined by an automated brain segmentation process. An experienced investigator, who was blinded with respect to whether subjects were patients or controls, then manually corrected the automated segmentation. Cortical thickness was estimated at each point across the cortex by calculating the distance between the grey/white matter boundary and the cortical surface.
We specifically investigated the following cortical regions of interest parcellated using FreeSurfers Brodmann Area Maps (http://ftp.nmr.mgh.harvard.edu/fswiki/BrodmannAreaMaps): primary visual cortex (V1), secondary visual cortex (V2), visual area V5/MT and somatosensory cortex (SSC, combination of Brodmann areas BA1, BA2, BA3a and BA3b). One additional region of interest, visual area V3A, was delineated using the PALS-B12 atlas (https://surfer.nmr.mgh.harvard. edu/fswiki/PALS_B12).
Individual whole brain surface maps were registered to a common FreeSurfer template surface (fsaverage) by the FreeSurfer spherical registration system and smoothed with a 5 mm 2D Gaussian smoothing kernel .
Other covariates
Information on potential confounders [age at scan, educational level, body mass index (weight in kilograms divided by the square of height in metres), smoking, use of alcohol, hypertension)] and other covariates was collected through the baseline questionnaire, the phone interview, and upon attendance for brain MRI (e.g. measured height, weight, and blood pressure), and classified as previously described (Gaist et al., 2016) . Information on twin zygosity-classified as monozygotic, dizygotic same sex, and dizygotic opposite sex-was provided by the Danish Twin Registry (Skytthe et al., 2006) . 
Statistical analyses
All regions of interest-based analyses were performed using R statistical software version 3.4.1. All whole-brain analyses were performed using the FreeSurfer software suite (see above). Whole-brain tests were Bonferroni-corrected for comparison of the two hemispheres separately.
Region of interest individual-based analyses
The mean cortical thickness of patients (measured in five locations) was compared with that of controls in a linear mixed model with fixed and random effects covariates. For fixed covariates potential confounders were included if significant by likelihood ratio testing (standard stepwise selection). Further, an interaction term between the case-control variable and the five locations (case Â cortical structure) was included allowing for testing if cases (i.e. patients) and controls differed in cortical thickness at each specific location while taking into account all differences at the other four cortical locations. The dependence of the five measured locations within individuals was captured by a random intercept. A separate intercept captured dependency of individuals where both twins in a pair were included (19 pairs where both twins had migraine with aura were included). Inference on the difference in cortical thickness and corresponding 95% confidence intervals (CIs) were obtained for each location in the model using Wald tests (of contrasts). A two-sided probability level of less than 0.05 was considered statistically significant.
We also conducted a number of supplementary analyses. In separate analyses, we added a fixed covariate to the model where we tested for interaction between location-specific mean cortical thickness and strata of 'aura attacks during lifetime' (classified into 2-4, 5-9, 10-49, 50-100, 4100), 'active migraine' (classified as aura attacks in last 12 months, yes/no), and 'number of aura attacks in last 12 months' (classified into 0, 1-5, 45), respectively. Further, with regard to SSC thickness, in separate analyses, we compared females with sensory aura with (i) females who only experienced non-sensory auras; and (ii) with controls.
Region of interest within-pair analyses
This matched-pair analysis of association between cortical thickness and migraine with aura negates, or reduces the influence of several unmeasured confounders, e.g. genetic influences, but relies on the assumption of discordance in exposure and outcome. We performed within-pair comparisons of cortical thickness of twins discordant for migraine with aura (n = 30). We used paired t-tests to compare crude (i.e. unadjusted) intrapair differences in mean thickness of regions of interest.
In supplementary descriptive analyses, we also estimated the proportion of pairs in which the patient was the twin with largest overall cortical thickness (Supplementary material).
Whole-brain individual-based analyses
We compared whole-brain maps of patients versus controls in a vertex-wise general linear model using an unpaired design while applying cluster-wise correction for multiple comparisons using a Monte Carlo simulation-based analysis (Hagler et al., 2006 ) (cluster-determining threshold: P 5 0.001, clusterwise P 5 0.05). Age at the time of MRI was included in the model as nuisance variable.
Whole-brain within-pair analyses
Maps of patients versus co-twins were compared using the same approach as described above, except that a paired design was applied. No nuisance variables were included in the model.
Results
A total of 172 patients, 34 co-twins and 139 controls were scanned. Due to imaging quality issues, a small number of scans could not be included in the present study, which is based on 166 patients, 30 co-twins, and 137 controls. Patients were similar to controls with regard to age, and several lifestyle characteristics, although patients reported lower weekly alcohol consumption than controls (P = 0.019) ( Table 1) . Further, 32.5% of patients were classified as hypertensive, compared with 22.6% of controls (P = 0.062). Headache characteristics of patients corresponded to our expectations based on previous population-based epidemiological studies of migraine with aura (Russell and Olesen, 1996; Eriksen et al., 2004) .
Region of interest individual-based analyses
Including the fixed effects covariates in the full model (i.e. age at scan, educational level (low, medium, high), body mass index, smoking (never, past, current), alcohol (units per week), hypertension (blood pressure of 5160 systolic, or 595 diastolic, or current use of antihypertensive drugs) did not produce a better fit than the most parsimonious model (likelihood ratio test P = 0.88), and the two models produced highly similar results (data not shown).
According to the best fitting most parsimonious model consisting of location and migraine with aura status and their interaction, comparisons of thickness of regions of interest were statistically significantly different for visual areas V2 (adjusted mean difference 0.032, 95% CI 0.003 to 0.061) and V3A (adjusted mean difference 0.037, 95% CI 0.008 to 0.067), while the thickness for other visual areas (V1, MT), and SSC did not differ between patients and controls (Table 2) .
Supplementary analyses testing for interaction between location-specific mean cortical thickness and strata of migraine aura attacks showed no association between thickness of each of the five regions of interest and number of lifetime aura attacks (test for interaction P = 0.70), active migraine (P = 0.27), or number of aura attacks in last 12 months (P = 0.86) (Fig. 2) . Finally, SSC thickness in females with sensory aura did not differ from that of females with exclusively non-sensory aura (P = 0.85), or controls (P = 0.37).
Region of interest within-pair analyses
In within-pair analyses, females with aura had thicker V2 cortex than their twin sisters (0.039 mm, P = 0.03); mean Participants completed questionnaire information on headaches within last 48 h on the day they were scanned and were subsequently phone-interviewed by a physician 48-72 h after the scan to verify this information and to ascertain presence of headaches during or after the study scan.
k Headache during the MRI scan: individual based analyses: six patients and two controls; within-pair analyses: no patients and three co-twins.
l differences of other regions of interest (Table 4 ), albeit not statistically significantly different for patients and co-twins, were of a similar magnitude and direction to the corresponding measures in individual-based analyses with the exception of V3A (À0.034 mm) (Table 2) . Thus, these within-pair analyses adjusting for common genetic and environmental factors were consistent with individualbased results, i.e. that V2 cortex was thicker in patients with migraine with aura compared with controls not suffering from this type of migraine. Results of additional descriptive analyses are available in the Supplementary material and Supplementary Fig. 1 .
Whole-brain individual-based analyses
The whole-brain analyses revealed a single area of increased cortical thickness in patients compared to controls located in the left occipital lobe (Fig. 3A , clusterwise P = 0.047, coordinates of most significant vertex: x, y, z = À12.6, À71.9, À4.7), mean thickness of patients: 2.012 mm, mean thickness of controls: 1.894 mm). No differences were found in the right hemisphere.
Whole-brain within-pair analyses
Whole-brain comparison for patients versus co-twins showed no differences. Due to the low number of subjects, we performed additional exploratory analyses with the cluster-determining threshold lowered to P 5 0.01, clusterwise threshold P 5 0.05. One cluster surviving these thresholds was located in the left lateral occipital lobe (Fig. 3B cluster-wise P = 0.003, coordinates of most significant vertex: x, y, z = À21.1, À99.1, À3.8), mean thickness of patients: 1.980 mm, mean thickness of co-twins: 1.717 mm). No significant differences were found in the right hemisphere.
Discussion
In this large MRI study of 166 females with migraine with aura, we found that this type of migraine was associated with thicker visual cortical areas, compared with females with no history of migraine. Similar findings for somatosensory cortical areas were not statistically significant. The differences in visual and somatosensory cortical thickness did not correlate with active migraine with aura (i.e. aura attacks within 1 year of scan), or lifetime aura attack frequency. Somatosensory cortical thickness did not differ in migraine with aura patients with and without somatosensory aura. Analyses limited to twin-pairs discordant for migraine with aura, indicated intrapair differences in cortical thickness of similar magnitude as seen in the individual analyses above, which, however, were only statistically significant for a single region of interest, i.e. V2. The lack of association between migraine with aura and cortical thickness in V3A in the within-pair analyses may be due lack of statistical precision, a factor that may also underlie the results of the primary within-pair data analyses, corresponding to Fig. 3 . Finally, whole-brain analyses further supported the region of interest-based findings of thicker cortex specifically in extrastriate occipital cortex without revealing other areas of differences in cortical thickness between groups. Taken together, we find that our results indicate that the slightly thicker cortical visual areas seen in patients suffering from migraine with aura are more likely to represent a trait correlating with this type of migraine rather than a result of aura attacks. Aura attacks clinically present initially as visual disturbances, which are followed, in a subgroup of patients, by somatosensory symptoms, reflecting a pathophysiological process that begins in the visual cortex and, in some patients, spreads from there to the parietal lobe. We found that the somatosensory cortical areas in patients who had suffered both visual and somatosensory aura symptoms were not thicker than corresponding cortical areas in patients with no somatosensory aura (patients with somatosensory aura: n = 35, 1.94 mm, patients without somatosensory aura: n = 131, 1.94 mm). Hence data support the hypothesis of thicker cortex being a trait, not a consequence, of the disease and further suggests that thicker visual cortex could be related to the initiation of visual aura.
A previous, clinic-based study, using similar methods, reported thicker cerebral cortex specifically of areas V3A and MT in 24 migraine patients with and without aura relative to healthy controls (between-group differences ranging from 0.14 to 0.24 mm) (Granziera et al., 2006) . The authors suggested that these differences could reflect a trait, e.g. focal dysplasia leading to increased neuronal excitability in these regions or they could be a consequence, e.g. of repeated glial activation following repeated episodes of cortical spreading depression. Although several subsequent cortical thickness studies in mixed populations of migraine A linear mixed model included fixed variables for cortical area location and migraine with aura status. The dependence of the measured locations within individuals was captured by a random intercept. A separate intercept captured dependency of individuals where both twins in a pair were included (19 pairs where both twins had migraine with aura were included).
patients with and without aura have been published (DaSilva et al., 2007; Datta et al., 2011; Maleki et al., 2012; Messina et al., 2013; Chong et al., 2014 Chong et al., , 2016 Kim et al., 2014; Schwedt and Chong, 2014 thinner SSC (0.04 mm) in patients compared to controls, but no SSC differences between patients with and without somatosensory aura symptoms (n = 29 versus 31). Generally, studies of SSC thickness in migraine have yielded equivocal results (Table 3 ). The reasons for the large variability in the results of these studies are unclear. These differences could be due to varying and insufficient control for factors that influence cortical thickness, e.g. age (Salat et al., 2004) , gender (Luders et al., 2006) , and lifestyle factors such as smoking (Kü hn et al., 2010) and alcohol (Fortier et al., 2011) . This is, however, an unlikely explanation, given the virtual null effect of adjusting for these potential confounders in this study. We speculate whether other design issues, including the relatively small sample size of most of these previous studies, underlie the divergent findings. In summary, we were able to reproduce a previous observation of thicker V3A, but not MT, in migraine patients compared to controls (Granziera et al., 2006) . In line with a previous study (Hougaard et al., 2016) , somatosensory aura per se was not related to differences in SSC thickness in our data. Interestingly, a study using functional MRI reported signal changes with characteristics of cortical spreading depression initiating in area V3A during an attack of migraine with visual aura (Hadjikhani et al., 2001) . Our findings could potentially reflect cortex with a decreased threshold for cortical spreading depression induction in extrastriate visual cortical areas.
This study has a number of strengths. Our hypotheses were formulated a priori, which is particularly important in studies with multiple comparisons, where chance findings are more likely. We focused on females with migraine with aura and through this strategy we bypassed potential interpretational problems arising from the use of mixed patient populations (e.g. both migraine without aura and migraine with aura) of both sexes. By recruiting participants through a population-based register we minimized the selection biases facing clinic-based studies. Additional assets are the large study size, the health and lifestyle information available to assess the influence of potential confounding, the verification of headache diagnoses by physicians according to current internationally accepted criteria, and the use of a single scanner for all participants. Finally, the within-pair analyses provided more optimal control of factors that can influence brain structure (e.g. genes and common intrauterine and childhood environment).
A number of potential limitations need to be considered. The study is cross-sectional and can therefore not discern between cause and effect. Thus, although our study results support the hypothesis that the slightly thicker visual cortex area in migraine with aura is probably a trait, rather than the result of repetitive aura attacks, the study design prevents us from establishing this with certainty. Because the individual-based analyses did not include subjects who were solely diagnosed with migraine without aura, we cannot infer whether our findings are related to migraine with aura specifically or whether they are associated with other features of migraine pathophysiology. However, the within-pair analyses, which included migraine patients with and without aura (8/30) as well as controls (co-twins) with migraine without aura (10/30), provided some potential insights into the specificity of the observed volume changes in occipital cortex. In spite of this key difference in the headache characteristics of the control groups in the two analyses, the within-pair analyses results were highly consistent with those of the main individual-based analyses regarding the findings of increased V2 thickness. This suggests that the findings may be specific for migraine with aura. We wish to caution the reader that although every measure was taken to conduct measurements of cortical thickness according to the highest standards, the possibility exists that the observed differences may be the result of measurement artefacts, particularly given the small magnitude of the observed differences. Since physiological factors such as hydration status (Streitbü rger et al., 2012) and cerebral perfusion (Fierstra et al., 2011) affect cortical thickness, we cannot rule out that subtle differences seen in this study reflect small increases in e.g. blood flow or blood volume. Finally, our study lacks data to cast light on the functional consequences, if any, of the very slightly thicker cortical areas observed in migraineurs in this study.
In conclusion, according to our findings, females with migraine with aura have a slightly thicker cortex corresponding to visual cortical areas, which may be an inherent trait associated with this type of migraine, rather than a result of aura attacks.
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